Background. The pathological effect of the surgical ischemia-reperfusion technique is a cause for the development of liver damage and occurrence of acute liver failure during the postoperative period in cancer patients after major resection as well as after transplantation. Despite the urgency of the problem, most of the pathological processes that accompany the above-mentioned conditions are still only incompletely studied.
Introduction
It is known that the liver has a mechanism of specific restoration of its previous volume and functioning in a short period of time after resection or damage [1] . Regeneration of the organ occurs after liver resection or transplantation, as well as after toxic damage. The process of liver regeneration includes hyperplasia of all types of liver cells. It is known that hepatocyte replication starts at the moment of major liver resection, but the replication of non-parenchymatous cells (endothelial, Kupffer cells and bile duct cells) activates later [2] .
Intensive studies on liver regeneration have been carried out over the last two decades, but the mechanisms responsible for liver volume regeneration remain unknown. It is clear that the liver maintains a precise balance between the absence and excess of its parenchyma by regulating the processes of growth [3] . The recent results of clinical and experimental studies of the pathophysiology of resected liver only insufficiently reveal new aspects of the processes of liver failure and regeneration [4] .
The pathological effect of the surgical ischemia-reperfusion technique is a cause of the development of liver damage and the occurrence of acute liver failure in the postoperative period in cancer patients after major resection, as well as after transplantation. Despite the urgency of the problem, most of the pathological processes that accompany the above-mentioned conditions are still insufficiently studied.
The aim of this work was to investigate the mechanisms of the damaging effects of stress reaction after liver resection, to evaluate the functional state of residual liver tissue and to find ways to influence regeneration and apoptosis of resected liver cells, which in the future would make liver surgery safer. Understanding liver regeneration mechanisms will allow correction and prevention of the acute conditions of toxic or infectious injury of the organ.
Materials and methods
The results of treatment of 15 patients with colorectal cancer (mCRC) and liver metastases, who had undergone surgery in the period from December 2015 to November 2016 at the National Cancer Institute (Tab. I) were studied. Patients received chemotherapy in accordance with approved international and national standards and clinical research protocols.
The protocol of surgical intervention included intraoperative ultrasound examination of liver and compliance with the principles of anatomic resections. Liver surgery was performed using the "Extra-Glissonian approach". When anatomical segmentectomies were necessary, "Selective pedicle clamping" was used and during the anatomical sectionectomy, the "Hanging Maneuver". Transection of liver parenchyma was performed using an ultrasound dissector, mono-and bipolar coagulators.
Samples of parenchyma of the future liver remnant were taken during and after surgical intervention within 1 hour after completion of the resection. Lactate in the liver tissue was determined spectrophotometrically [5] . Determination of the state of the detoxifying function of hepatocytes and the coupling of biological oxidation and phosphorylation in the mitochondria of hepatocytes was performed using electron paramagnetic resonance (EPR) at the temperature of liquid nitrogen. For that purpose, 500 mg of liver tissue were injected into a special press-mold and frozen in liquid nitrogen. The samples were studied using a computerized spectrometer EPR PE-1307. Qualitative and quantitative changes in the functioning of the mitochondrial electron transport chain were determined by EPR signal location (g-factor of spectroscopic splitting); also, an amplitude of the signal in the control and experimental samples of tissues was measured. We investigated the state of FeS-proteins in the first electron transport complex of ETC mitochondria (g-factor 1.94), the level of flavin semiquinone in ETC mitochondria (g-factor 2.00), the dynamic of formation of NO complexes with FeS-proteins in ETC mitochondria of N-type (g-factor 2.03), the dynamic of formation of structural Given that the most of the parameters had a distribution different from the normal, to describe the selective distribution, the median (Me) and lower (25%) and upper (75%) quartiles were specified: Me (25%; 75%). When checking the statistical hypotheses, p = 0.05 was chosen as the critical significance level.
Results and discussion
Hepatocytes, are very sensitive to ischemic conditions and it is known that ischemia-reperfusion is one of the main factors in acute liver failure after major liver resections, especially at normometric ischemia. Most of the pathological changes that occur in hepatocytes at anoxic conditions are detected in mitochondria. Disturbance of O 2 metabolism in the mitochondria respiratory chain leads to changes in electron transport and mitochondrial respiration. Under such conditions, a sharp decrease in the production of pyrimidine nucleotides occurs that in its turn leads to higher accumulation of levels of intracellular NADH\NAD + . Changes in the processes of oxidative phosphorylation lead to activation of depletion of intracellular ATP, acceleration of glycolysis, higher levels of lactate and an increase in the influence of H + , Na + and Ca 2+ on homeostasis. The described pathological changes lead to serious disorders of the function of hepatocytes and the liver in general in the postoperative period.
In its turn, reperfusion causes damage to cells by products of incomplete reduction of oxygen -radical oxygen species (ROS), in particular, superoxide radicals at re-admission of O 2 in ischemized tissues. ROS are produced both within cells (by mitochondria) and by extracellular sources (NOX, iNOS of neutrophils, platelets, lymphocytes) [6] .
According to the results of our own researches, in tissues of the future liver remnant, the functional exhaustion of the detoxification ability of hepatocytes has been revealed. It has been found that levels of the oxidized and low-spin forms of cytochrome P-450 in the catalytic cycle of the detoxification system were 0.33 ± 0.08 relative units and 1.11 ± 0.13 relative units, respectively (the normal levels of 0.59 ± 0.03 relative units and 2.56 ± 0.02 relative units) (Fig. 1) .
The mitochondria of these cells are functioning when the coupling of oxidation and phosphorylation in NAD·H--ubiquinone oxidoreductase is disturbed. The level of FeS-protein N-2 in this electron transport complex was 0.32 ± 0.06 relative units while the normal one was 0.61 ± 0.09 relative units (Fig. 2) .
Also, an increase in the levels of formation of complexes of NO-FeS-proteins up to the values of 0.33 ± 0.08 relative units registered (the normal level of 0.14 ± 0.07). We believe that such changes are the cause of the disturbance of energy production in mitochondria and the formation of cell hypoxia. This correlates with an increase in levels of lactate in tissue of future liver remnant to levels > 2.00 mM/g·tis-sue, while the normal one is 1.80 ± 0.26 mm/g·tissue, and confirms the functioning of hepatocytes under hypoxic conditions (Fig. 3) .
Mitochondria play a crucial role in the regulation of the death of cells through apoptosis, especially in hepatocytes. Activation of the death receptor induces apoptosis involving caspase-8 through destruction of mitochondrial membrane FeS-proteins and inactivation of the flow of electrons in the electron transport chain (ETC), which causes the unregulated generation of superoxide radicals in mitochondria and, finally, the formation of apoptosome. These data indicate that defects in the respiratory chain and an excess of free fatty acids are the key factors that occur during ischemia/ /reperfusion at liver resections. Mitochondrial dysfunction is enhanced by the increase in the levels of generating SR, which initiate formation of a self-reinforcing cycle of formation of radicals, which are formed as a result of lipid peroxidation and are able to inhibit the complexes I and IV of ETC. On the other hand, SR damage mtDNA and FeS-proteins of the respiratory chain that leads to chronic damage of the organelle. Cytochrome P-450 (isoforms CYP2E1 and CYP4A-10/4A14) activates the elevated levels of free fatty acids in hepatocytes of resected liver, which leads to enhancement of generation of superoxide radicals and an increase in mitochondrial dysfunction. Mitochondria control the energy production, metabolism, activation of programmed cell death, as well as several specific cell functions, including cell signaling and synthesis of some important biomolecules. Normalization of mitochondrial function is crucial to the functioning and survival of cells, and changes in it, i.e., mitochondrial dysfunction, lead to pathological conditions. Mitochondrial dysfunction causes multi-organ failure after intensive therapy, which often leads to the death of patients. However, there are two main reasons why this fact has not received adequate appraisal by clinicians. First, the main results on the occurrence of mitochondrial dysfunction in cells of organs, susceptible to damage of mitochondria were obtained in animal models, using intensive therapy (liver, kidneys, heart, lungs, intestines, brain). Second, there is still no clear therapeutic strategy on how to restore mitochondrial function.
Signaling pathways of regeneration and their impact on the growth and metastasis
Under normal conditions, hepatocytes do not divide and remain in the G0 phase. After resection or toxic damage of the liver, they enter into the G1 phase. Such changes are triggered by binding receptors of liver cells to tumor necrosis factor a (TNF-a) and interleukin-6 (IL-6), which are released by Kupffer cells [7] . Several molecular structures are responsible for activation of hepatocyte growth factor (HGF), thereby initiating transition of cells from the G1 phase to the S, including the epidermal growth factor (EGF) and transforming growth factor a (TGF-a) [8] . These factors stimulate DNA replication and mitosis, interacting with the corresponding receptors [9] . It is proven that TGF-b1 causes inhibition of hepatocyte proliferation, while in a normal liver the growth factor TGF-b has the agonistic effects. At the initial stages of regeneration the signals of HGF are more intensive, as compared to TGF-b, and at the final stages of regeneration the restoration of the initial balance occurs [9, 10] . The factor of liver resection is a powerful stimulus to its regeneration. After surgical intervention, an increase in the rate and pressure of portal blood flow on hepatocytes and sinusoidal endothelial cells occurs that initiates the regeneration and regulates the size of the liver. Resection stress is considered to be a powerful impulse to regeneration, regulation of volume and growth, as well as atrophy [11] . In their turn, the hemodynamic factors potentiate the action of resection stress in liver, stimulating generation of nitrogen oxide (NO), which in turn activates a cascade of liver regeneration.
The leading role in the regulation of metabolism in the intercellular matrix of liver parenchyma belongs to superoxide radicals (SR). The latter are redox-dependent molecules actively regulating the occurrence and development of pathological processes. These properties of SR may be changed in the dynamics of pathological processes, as well as the structure of intersystem interactions. SR are able to show not only cytotoxic properties, but they can also act as secondary messengers, taking part in support of physicochemical properties of biological membranes, regulation of intracellular redox systems, activity of protein kinases and cell proliferation, differentiation, apoptosis. In recent years, experts in advanced international experimental and clinical cancer centers publish evidence of the importance of SR and their key role in the regulation of intercellular matrix and matrix metalloproteinases. Processes of overregulation of biological structures by SR are cyclic in nature, because microcirculatory disorders and trans-capillary exchange cause tissue hypoxia and activate a number of angiogenic factors, metalloproteinase (MMP-2 and MMP-9), TNF-a, TNF-b, that affect the balance of anti-and pro-inflammatory cytokines. Initiation and progression of tumor growth in the liver is a multifactorial molecular process that involves complex signaling pathways (RAS/RAF-MAPK, phosphatidylinositol-3 kinase (PI3K)/AKT, WNT/b-catenin, insulin-like growth factor (IGF), hepatocyte growth factor (HGF)/c-MET and the growth factors activating angiogenesis pathways) [12] . It has been found that cellular and molecular changes in the postoperative period of the patients who have undergone liver resection (response to surgical stress, damage due to ischemia-reperfusion) can initiate tumor growth kinetics and thus cause rapid progression [13] . The molecular factors, which are produced in the liver tissue because of surgical stress, can be a powerful stimulus for tumor growth. Regeneration of the liver after resection is activated by the microenvironment and a variety of growth factors, cytokines, responsible for the activation and growth of malignant cells (proliferation, migration and neoangiogenesis) [14] . During hepatocyte proliferation, the endocrine, autocrine and paracrine processes are working, which also can stimulate dormant micrometastasis and tumor growth [15] . One of the main results of surgical intervention in the zone of the future liver remnant is the fast release of SR, NO, TNF-a, TGF-b, HGF, EGF, interleukin 6, angiogenic factors, modifying the microenvironment of dormant tumor cells and stimulating the growth and metastasis of tumor [16] . Tumor growth is a kind of balance between the concentration of growth factors and cytokines in the microenvironment, and stimulation of neoangiogenesis [17] . Inhibitors of angiogenesis, proteins of extracellular matrix and their fragments act as stabilizers of the quiescent state of tumor cells [18] .
Clinical manifestations of the regenerative ability of liver and possibilities for correction
After liver resection, the residual parenchyma of the organ reacts by activation of hyperplasia. After major liver resection, the "survived" hepatocytes quickly restart the cell cycle. Thus, the liver restores its volume through proliferation. There are two generally recognized hypothetical ways to activate liver regeneration [19] . One of them is the generation of stress signals by increasing the demand for energy per liver after resection of the organ [20] . The other is to activate liver regeneration by changing hemodynamic parameters. The correlative connection between the blood flow and liver regeneration has been proven, but the mechanisms of this interaction are still to be explained. Irregular proliferation of dormant tumor cells after liver resection requires activation of many intracellular pathways of overregulation, including cascades involved in "survival", proliferation and cell cycle. Induction of redox pathways in the cell proliferation process requires significant energy.
Most of studies of liver tissue regeneration focused on the treatment of human liver diseases, resulting from surgery, chronic liver diseases and cancer problems. In the past few decades, liver resections and transplantation have allowed many problems to be solved, however acute liver failure (ALF) in the postoperative period remains a major cause of death of patients, which occurs in 10% [1] . Most often for evaluation of ALF in clinical practice the 50-50 criteria is used, including the assessment of INR < 50% and total level of serum bilirubin > 50 μmol/L (> 2.9 mg/dL) on postoperative day 5 [1] . In 2011, the International Study Group of Liver Surgery (ISGLS) described and proposed the determination and scale of ALF [1] .This type of assessment remains of current interest only because of a considerable increase in the understanding of the clinical aspects of liver regeneration in patients with chronic diseases of the organ. However, it cannot fully reveal the potential risks of ALF in postoperative period related with the functional disorders of hepatocytes.
Progression of the disease and its metastasis after liver resection so far remains an important problem. An adequate surgical intervention based on the principles of saving organ and in accordance with modern methods of radiological investigation is considered to be the best strategy. In the last decade, the greatest contribution in this area has been made in the development of radiological technologies of imaging the tumor and its metastases. The modern possibilities of CT and MRI with the use of hepato-specific contrast, software and diffuse-weighted analysis are able to improve significantly the accuracy of detection of small malignancies [21] . There are certain problems with cirrhotic altered liver when malignant neoplasms ≤ 1 cm are difficult to distinguish from the regeneration sites. Ultrasound diagnostics (Ultrasound) with contrast allows differential diagnosis in this area, adding to the data of MRI and CT [22] . In difficult cases, it is important to combine several methods. In addition, the use of intraoperative Ultrasound can increase the percentage of radically operated patients (R0).
It is known that recurrence of malignant neoplasms in the liver is a poor prognostic factor, and surgical and therapeutic methods of treatment depend on the anatomical area, functional status and general status of the patient. As modalities for the treatment of recurrences of malignant neoplasms in the liver and its metastatic lesions, repeated resections of the organ, transplantation, local ablation and transcatheter arterial chemoembolization (TACE) were used [23] . Repeated liver resections are considered to be the best method in this case; according to different authors, the resectability ranges vary from 10 to 77% [24] . A longer interval between the surgical treatment and recurrence of the disease is associated with improved survival [25] . TACE is regarded as the best method for unresectable forms of recurrent hepatocellular carcinoma [26] . Generally, multimodal therapy for recurrent malignant liver tumors (TACE, local ablation and re-resection) are able to improve the 5-year survival rate to 20% [27] . The approaches to destruction of malignant tumors without affecting the regenerative ability of liver regeneration is suggested. These include targeted therapy and immunotherapy. It is known that liver regeneration involves a complex of molecular processes, including angiogenesis. Synthesis of angiogenic products in the future liver remnant reaches maximal concentrations 48-72 hours after the moment of resection, which in turn can lead to an increase in dilatation and permeability of blood vessels. However, inhibition of angiogenesis with the use of angiostatin affects both the process of growth of blood vessels and the regeneration of the liver [28] .
Conclusions
A decrease in the efficiency of the detoxification system and energy supply of hepatocytes is found in liver remnant. We found reprogramming of mitochondrial metabolism after the liver resection with oxidative phosphorylation in glycolysis, which resulted in the formation of cell hypoxia and an increase in the levels of lactate and superoxide radicals. To assess the degree of ALF in the postoperative period, we suggest use of the levels of lactate, activity of cytochrome P-450, levels of formation of complexes of NO and FeS-proteins in ETC mitochondria and the generation rate of SR as the markers. Using innovative technologies can change the therapeutic strategy for liver dysfunction, such as ALF and the 'small-for-size' liver syndrome. Particular attention must be addressed to mechanisms that cause cell death and dysfunction of organs and prospective therapeutic strategies aimed to restore the mitochondrial functions.
